Background Many areas throughout the world are simultaneously contaminated by high concentrations of soluble salts and by high concentrations of heavy metals that constitute a serious threat to human health. The use of plants to extract or stabilize pollutants is an interesting alternative to classical expensive decontamination procedures. However, suitable plant species still need to be identified for reclamation of substrates presenting a high electrical conductivity.
INTRODUCTION
Heavy metals are present in soil as natural components of the earth's crust. With the noticeable exception of in metalliferous soils, these trace elements are available at very low concentrations and are therefore harmless to living organisms. In recent decades, however, anthropogenic activities have been increasingly associated with the accumulation of heavy metals in the environment. Industrial activities such as mining, smelting, burning of fossil fuels and dumping of municipal sewage sludge but also agricultural practices related to long-term use of excessive fertilizers, fungicides, pesticides and sewage sludge have led to a dramatic increase in toxic heavy metals in numerous areas. Pollution with Cu, Cd, Pb and Zn have frequently been reported (Ernst and Nelissen, 2000; D'Amore et al., 2005; European Environmental Agency, 2007) . These pollutants constitute a serious threat to environmental stability but also to human health through contamination of the food chain. In Europe, polluting activities are estimated to affect about 3 million sites (Sirguey and Ouvrad, 2013) . In numerous cases, polluted areas are contaminated by several heavy metals and even organic pollutants. While the organic pollutants may be degraded or converted to harmless compounds through microbial activity in the rhizosphere (Batty and Dolan, 2013) , heavy metals are not degraded and thus persist for long periods in soil.
Most plant species are sensitive to the harmful effects of heavy metals. These toxic compounds severely inhibit growth (Lombi et al., 2001) , affect plant water status (Barceló and Poschenrieder, 1990) , drastically compromise photosynthesis (Greger and Ö gren, 1991) and induce oversynthesis of reactive oxygen species (ROS) responsible for numerous physiological disorders that ultimately lead to plant death (Pilon-Smits et al., 2000) . Several plant species are able to colonize metalliferous soils, and most of them exclude heavy metals, except hyperaccumulating species known to accumulate more than 1 % Zn or Mn, 0Á1 % Ni, Cu, Co or Pb and 0Á01 % Cd (on a dry weight basis) in the shoots (Baker and Brooks, 1989; Cobett, 2003) . These plant species are usually considered as 'hyperaccumulators' for a single element, despite the fact that several metals are commonly present in polluted substrates. These hyperaccumulating plants also exhibit a shoot concentration higher than root concentration for the considered heavy metal, thus demonstrating their ability not only to absorb but also to translocate heavy metals (Vázquez et al., 1994; Yang et al., 2004) . Hyperaccumulation nevertheless appears as a rare, although fascinating adaptation in the plant kingdom and the ecological significance of hyperaccumulation evolution appears to be, at least partly, related to the selection of resistance to biotic constraints (Poschenrieder et al., 2006) .
Plants are crucial components of the environmental management of polluted areas. Vegetation cover helps to reduce water and wind erosion and contribute to re-establish biodiversity and ecosystem stability in such areas. In some cases, plants may be introduced in these ecosystems with the final aim to stabilize the heavy metals (phytostabilization) or to remove them from contaminated soil (phytoextraction). Efficient phytomanagement of heavy-metal-contaminated soils requires the identification and selection of adequate plant species. While most hyperaccumulating species produce low amount of biomass, suitable plant species for phytomanagement should exhibit a deep root system, high shoot biomass production and a perennial growing habit. Moreover, these plants must be able to cope with low levels of fertility and poor soil structure, which may induce mineral deficiencies and compromise water uptake. Promising plants for phytomanagement should therefore possess numerous traits allowing them to cope with multiple stress factors.
In some areas, high concentrations of bioavailable heavy metals are associated with high concentrations of soluble salts. This occurs, in particular, in coastal areas impacted by urban activities and in semi-arid regions where mining contributes to the release of both heavy metals and soluble salts (US Environmental Protection Agency, 2000) . For phytomanagement of those areas, an adapted plant material should be identified: in addition to heavy metal resistance, those plants must withstand the ion and osmotic stresses derived from the high NaCl burdens of these habitats (Wali et al., 2014) . Halophytic plant species are now receiving increasing attention as putative candidates for rehabilitation of these specific heavy-metal-contaminated sites (Supplementary Data Table  S1 ). Indeed, in contrast to salt-sensitive glycophytes, halophytes maintain growing capacity at high salt doses and remain alive on substrates characterized by a high electrical conductivity. Low NaCl doses frequently stimulate plant growth Ruan et al., 2010; Rozema and Schat, 2013) . Salt stress itself is a complex environmental constraint that includes both a water stress component related to the low external osmotic pressure of soil solution and an ionic component related to the accumulation of toxic ions and, to a lesser extent, to stress-induced deficiencies in essential elements. In their natural environment, halophytic species are also exposed to other abiotic stresses such as high temperatures or high light intensities (Ruan et al., 2010; Walker et al., 2014) . Although most physiological studies reported in the literature have been performed with NaCl, soil salinity may also be due to soluble ions other than Na þ and Cl À . Halophytes are thus expected to be able to cope with multiple stress factors. Moreover, numerous physiological targets directly affected by heavy metals are also affected by salinity and it may be hypothesized that plants naturally resistant to salinity may exhibit promising adaptive properties to sustain the external presence or even accumulation of heavy metals in their tissues (Fig. 1 ).
SALT IMPACT ON HEAVY METAL SPECIATION AND BIOAVAILABILITY
Absorption of heavy metals by plants depends on their bioavailability, which is the fraction of the total contaminant in the interstitial water and soil particles that is available to an organism. Heavy metal bioavailability in soils depends on a multitude of factors other than their concentration and may proceed differently in the bulk soil and in the rhizosphere. Soil composition, soil acidity and redox potential have a strong impact on the bioavailability of most heavy metals (Lombi et al., 2001) . Biotic factors related to root activity (Marschner 1995) and to root-associated microorganisms (Carvalho et al., 2006) also have a direct influence on heavy metal bioavailability. Salinity influences heavy metal speciation, although this parameter has often been neglected. Several studies indicated that salinity increases metal mobility, due to the complexation of salt-derived anions with heavy metals and to the competition between salt-derived cations with heavy metal ions for sorption sites on the solid phase (Hatje et al., 2003; Acosta et al., 2011) . Such an effect has been mainly studied with Cd; according to McLauglin et al. (1994) , salinity frequently increased Cd accumulation in potato tubers, even if the soil contains only low amounts of cadmium. Similar observations have been reported for sunflower (Li et al., 1994) and wheat (Mühlingh and Laüchli, 2003) .
Experiments performed with water and sediment from estuaries also indicated that the kinetics of metal adsorption and desorption on suspended particulate matter are dependent on the metal and on the salinity of the water, except for Mn (Hatje et al., 2003) . The general effect of salinity is to move the adsorption edge of metals to higher pH, with the greatest change being found for Cd. This general decrease of metal sorption on soil particulate matter may be related to chlorocomplexation, at least for metals such as Cd and Zn, and to competitive effects with divalent cations such as Ca 2þ and Mg 2þ (Hatje et al., 2003) . The effect of salt on the increase in metal mobility in soil was observed with different types and amount of electrolytes (Acosta et al., 2011) . This increase in metal mobility depends on the total amount of heavy metals present and the type of salt inducing the salinization. The effect of the chloride salts NaCl, CaCl 2 and MgCl 2 and the sulfate salt Na 2 SO 4 on the mobility of Cu, Cd, Pb and Zn indicated that the main mechanisms regulating metal mobility were (1) competition with Ca and or Mg for sorption sites, (2) complexation with chlorides and (3) complexation with sulfates (Acosta et al., 2011) . The main mechanism regulating Cd, Pb and Zn mobility was competition with Ca 2þ for sorption sites, while for Cu it was the formation of CuSO 4 . The double charge of Ca 2þ and Mg 2þ ions induced higher metal mobilization than the single charge of Na þ ions. The higher ability of Ca 2þ compared with Mg 2þ to increase metal mobilization is related to the differences in size and atomic mass of these cations, Ca 2þ being heavier and larger than Mg 2þ . In soil solution, Cd forms complexes with chloride ions, leading to the formation of CdCl n 2n ionic species (Bingham et al., 1983) (Fig. 2 ). According to Bingham et al. (1984) , Cd present in saline soils is mainly present as free Cd 2þ ions and CdCl þ complex, although CdCl 2 may also be observed together with low amounts of anionic species (CdCl 3 À and CdCl 4 2À ). Chlorocomplexes have high mobility in soils and are less efficiently retained by clay particles and organic matter than the free bivalent ion (Garcia-Miragaya and Page, 1976 ). In contrast, sulfate salinity had only a minor impact on Cd bioavailability, as Cd does not easily form complexes with SO 4 2À and these complexes are poorly available for the plant (Bingham et al., 1986) .
The extent of CdCl þ absorption by plants remains an open question. While Cd 2þ may be easily absorbed by Ca 2þ nonselective transporters, the size of the CdCl þ ion makes such absorption much less efficient. According to Smolders et al. (1998) , CdCl þ absorption is only 10-13 % of Cd 2þ absorption under classical soil pH conditions. The effect of NaCl on Cd absorption independently of Cd bioavailability may be studied in nutrient solution. Osmotic stress induced at the root level may somewhat compromise root selectivity and induce damage to root cell membranes, especially in glycophytes: resulting damage may thus contribute to non-selective entry of CdCl þ (Helal et al., 1999; Stevens et al., 2003) . In the halophyte Atriplex halimus, Lefèvre et al. (2009b) demonstrated that NaCl decreases rather than increases Cd accumulation, therefore suggesting that this species is able to maintain root integrity under osmotic stress and that transporters remain able to discriminate against the CdCl þ complex.
HALOPHYTE RESPONSES TO CO-OCCURRENCE OF SALT AND HEAVY METALS IN THE ENVIRONMENT

Wetland halophytes
Estuaries are often situated close to highly populated and industrial areas. As a consequence, tidal flooding may provide large amounts of pollutants and salt marsh ecosystems thus frequently act as important sinks for heavy metals. Salt marshes may be regarded as crucial sites for phytostabilization of heavy metals, especially if plant species accumulate toxic ions in below-ground tissue (Doyle and Otte, 1997) . In contrast, accumulation in stems and leaves implies a recycling of heavy metals through litter deposit (Weis and Weis, 2004) . In this case, differences in decomposition rates between plant species and tissues play an important role and have been reported among halophytic species. Reboreda and Caçador (2007) demonstrated that areas colonized by Halimione portulacoides are potential sources of Cu, Cd and Pb whereas colonization by Spartina maritima contributes to the stabilization of heavy metals in salt marsh sediment. Salt marsh halophytes interact with microorganisms of the rhizosphere by supplying organic substances. Spartina maritima colonization increased sulfate-reducing bacteria activity and plant behaviour may explain variations in metal sulfides (Otero and Macias, 2002) . Extracellular activity is a useful index of microbial activity and bacteria metabolize humic compounds, reducing their molecular weight and increasing the mobility and solubility of these heavy metal carriers. Reboreda and Caçador (2008) clearly demonstrated that halophyte roots directly influence the extracellular enzymatic activity (EEA) of hydrolytic enzymes such as peroxidase, phenol oxidase, b-glucosidase, N-acetyl-b-glucosaminidase and acid phosphatase. This microbial EEA is a key factor not only affecting organic matter biogeochemical recycling, but also heavy metal speciation. These enzyme activities exhibit a seasonal variation that is directly related to the plant cycle and this variation is responsible for periods of organic metal-bound decrease (Duarte et al. 2008) .
Terrestrial halophytes
Even in highly polluted soils, heavy metal ions are present in such concentration that their effect on the osmotic potential of soil solution remains negligible. However, secondary water stress related to physiological drought has been reported in numerous studies devoted to the physiological impact of pollution by heavy metals and metalloids: Cd and Zn toxicities reduce transpiration, water potential, leaf relative water content and stomatal conductance (Varga et al., 1999; Drazkiewicz and Baszyńki, 2005; Vaillant et al., 2005) . Under severe Cd and Zn toxicities, accumulation of amorphous deposits in the vessels probably derived from cell walls may account for a lower water flow rate (Barceló et al., 1988; Barceló and Poschenrieder, 1990) . Whether a decrease in transpiration is a consequence of water deficiency stress or a result of the deleterious impact of metal toxicity on stomatal guard cells remains unclear. The application of 50 mM Cd may affect leaf conductance independently of abscisic acid (ABA) synthesis (Perfus-Barbeoch et al., 2002) . According to Ghelis et al. (2000) and PerfusBarbeoch et al. (2002) , Cd 2þ ions interfere with voltagedependent Ca 2þ channels, which, in turn, lead to early stomatal closure.
Xerohalophytes display an excellent ability to perform in environments characterized by low water availability. Some of these species may be considered as pioneer species for environmental protection, and may be used not only for phytoremediation but also for sand dune fixation, desert greenification and landscaping. Resistance to water stress is expected to contribute somewhat to resistance to heavy metals. Resistance of Syrian beancaper (Zygophyllum fabago) is directly related to the capacity of this species to maintain water status compatible with plant metabolism and growth (Lefèvre et al., 2005 (Lefèvre et al., , 2010a . Lefèvre et al. (2014) reported that Zn toxicity had no impact on stomatal density while Cd treatment increased it slightly after 28 d of exposure to 10 mM Cd. In both cases, however, water use efficiency drastically increased in response to heavy metals and efficient osmotic adjustment allowed the plants to reduce W w . A similar ability to regulate plant water status in In soil solution, heavy metals may be present under free form. They can also form complexes with chloride or sulphate. Salinity usually improves heavy metal bioavailability by substituting Na to metals adsorbed on soil particles. Roots can release high-and low-molecular weight organic acids which may form complexes with heavy metals. Arbuscular mycorrhizal fungi may interact to some extent with heavy metal absorption by plants. Some metals may also precipitate at the root surface to form oxyhydroxides. This is especially so in wetland plant species forming an iron plaque at the root surface.
heavy-metal-stressed plants was recorded for the xerohalophyte Atriplex halimus. This shrub is distributed around the Mediterranean (Walker et al., 2014) and may be exposed to heavy metal toxicity in dry areas (Manousaki and Kalogerakis, 2009; Rabier et al., 2014) . Laffont-Schwob et al. (2011) demonstrated that it forms endomycorrhizaea on heavy-metalpolluted soils, which may help the plant to cope with toxic ions. Lefèvre et al. (2010b) demonstrated that in this species that a polyethylene glycol (PEG)-resistant cell line displays a higher resistance to heavy metals than a PEG-sensitive cell line, confirming that water or osmotic stress resistance is an important component of Cd and Zn tolerance, independently of morphological adaptation and stomatal regulation. According to these authors, the PEG-resistant cell line regulates secondary oxidative stress in a more efficient way than the PEG-sensitive one. Atriplex hortensis and Atriplex rosea also exhibit a high level of resistance to Cu, Pb, Ni and Zn (Sai Kachout et al., 2012) . The closely related Chilian halophyte Atriplex atacamensis displays an unusual ability to overcome As toxicity and is still able to remain alive and grow at 1000 mM arsenate. This species originates from the Atacama Desert, one of the driest areas in the world. Vromman et al. (2011) demonstrated that As-treated plants are able to efficiently close their stomata in order to limit water losses and to accumulate glycinebetaine as an efficient osmoprotectant. Sesuvium portulacastrum grows luxuriantly at 100-400 mM NaCl concentrations in arid and semi-arid regions (Lokhande et al., 2013) . This herbaceous perennial halophyte shows tolerance against several toxic heavy metals, especially Cd and Pb (Ghnaya et al., 2005 (Ghnaya et al., , 2007a . According to Ghnaya et al. (2013) , the high citric acid content in the xylem sap and shoots of S. portulacastrum could explain its high potential to translocate and accumulate Pb, and build-up of citrate in the leaves may be involved in metal chelation allowing subsequent sequestration in the vacuole. Sesuvium portulacastrum is also able to display significant As accumulation (up to 155 mg g À1 d. wt) when exposed to 1000 mM As(V) and has therefore been recommended as a potential candidate for application in As removal and re-vegetation projects in Ascontaminated sites (Lokhande et al., 2011) .
Although copper is an essential element for all living organisms, Cu excess is highly toxic for plants. The common ice plant (Mesembryanthemum crystallinum) is able adapt to high external Cu doses. Thomas et al. (1998) suggested that in this facultative halophyte, environmental stresses such as NaCl and heavy metals overlap to some extent. Shevyakova et al. (2003) demonstrated in this species that Cd-treated plants activate the peroxidase system, therefore decreasing the damaging effect of ROS (see 'Biochemical basis of heavy metal tolerance in halophytes'). Ghnaya et al. (2007a) demonstrated that K þ uptake is impaired in roots of common ice plants exposed to Cd 2þ but is compensated for by an increase in the K þ -use efficiency.
HEAVY METAL ABSORPTION IN HALOPHYTES
Uptake of metals by plants depends on various factors such as the plant species, the age and growth stage of the plant, seasonal variations, the existence of an iron plaque on the roots, metal speciation and bioavailability in the environment, and metal characteristics (Caçador et al., 2000) . Although numerous data are available for the molecular basis of Na þ uptake and accumulation in halophytes, and for maintenance of K þ selectivity (reviewed by Flowers and Colmer, 2008) , modalities of heavy metal absorption remain poorly documented in these species. In glycophytic plant species, numerous data are available on metal transporters belonging to various families, such as the copper transporter (CTR), cation diffusion facilitator (CDF), zinc-iron permease (ZIP), cation exchanger (CAX), natural resistance-associated macrophage protein (NRAMP), non-selective cation channel (NSCC) and heavy metal ATPases (HM-ATPase) (Migeon et al., 2010; Migocka et al., 2011; Kiyomo et al., 2012) . Data are also available regarding hyperaccumulators (Weber et al., 2004; Oomen et al., 2009; Wei et al., 2009) . Surprisingly, no exhaustive data are available yet, to the best of our knowledge, on specificities of halophytes in terms of regulation of the corresponding gene.
Forms of metal uptake and root exudates
Among the above factors, oxidation state and coordination environment of specific metals directly affect their absorption, translocation and detoxification in root tissues (Salt et al., 2002) (Fig. 2) . Whether metals are taken up predominantly under their free form or bound to inorganic or organic complexes is not clearly defined, even in glycophytes.
Different forms ('species') of one metal can have different rates of uptake. For example, many bacteria can methylate the metalloid arsenic in methylarsonic acid (MMAA) and dimethylarsinic acid (DMAA). As a consequence, uptake of arsenic by Spartina alterniflora and Spartina patens varied with the species of arsenic, with DMAA having the lowest availability, followed by MMAA, As(V) and As(III) having the highest bioavailability. Inorganic arsenicals were mainly accumulated in the roots while DMAA was readily translocated to the shoot (Carbonell-Barrachina et al., 1998) .
Plants can release soluble organic substances from their roots, including low-molecular-weight (LMW) organic acids, high-molecular-weight (HMW) polysaccharides and other organic substances that may form complexes with heavy metals (Bertin et al., 2003) (Fig. 2 ). These compounds have been demonstrated to affect the solubility, mobilization and phytoavailability of heavy metals (Boularbah et al., 1996; Bertin et al., 2003) . As demonstrated by Mucha et al. (2005) in the halophyte Juncus maritimus, some root exudates are efficient complexing agents increasing metal availability. This is mainly the case for oxalate and malonate complexing metals (Pb, Cr, Cu, Zn, Ni and Cd), and these agents are able to increase metal bioavailability in polluted estuarine environments. Oxalic acid is the most efficient for solubilization of poorly available metals such as Cr and Ni. The extent of exudation may vary depending on sediment properties.
Addition of citric acid as an organic acid chelator in the root environment enhanced Cd uptake in Halimione portulacoides, while it decreased Ni uptake (Duarte et al., 2007) . Pan et al. (2011 Pan et al. ( , 2012 identified two protein-like fluorescence peaks quenched by Cu 2þ or Pb 2þ in the excitation emission matrix (EEM) spectrum of Salicornia europaea root exudates investigated by EEM fluorescence spectroscopy. These results indicated that the fluorescent substances are strong Cu 2þ and Pb 2þ complexing organic ligands. For Cd uptake by Suaeda salsa, its linkage to proteins and LMW SH-containing compounds appeared to be an important process for its uptake, as root treatment with N-ethylmaleimide, a thiol blocker, strongly inhibited Cd 2þ influx to roots (Li et al., 2012) . Both organic and inorganic complexes can increase metal uptake by plants. Complexes of metals with hydrophilic ligands could enter the xylem vessels through an apoplastic pathway, at the tip of the roots where the Casparian bands are not developed or at breaks in the endodermis. Another hypothesis suggests that the depletion of free metal ions near the site of root uptake leads to the dissociation of metal complexes in this area, resulting in an enhanced diffusional flux and enhanced metal uptake (Degryse et al., 2006) . As a result, dissolved metal complexes can increase metal uptake, the magnitude of this increase depending both on the concentration and on the lability of the complexes.
Release of soluble organic substances from plant roots is a well-known process and may consume more than 20 % of photosynthates. Phytosiderophores are involved in Fe uptake, mainly in Graminaceae, and play a key role in plant nutrition on substrates with high pH, where Fe is marginally available. Data concerning the interaction between phytosiderophores and heavy metals are contradictory. Indeed, phytosiderophores are capable of solubilizing Fe from poorly soluble oxides but also other metals such as Mn, Cu and Zn. An increase of heavymetal complexation by phytosiderophores followed by subsequent absorption was reported under Fe deficiencies (Chaignon et al., 2002) . No data are available concerning the impact of NaCl on this process.
Arbuscular mycorrhizal fungi (AMF; Fig. 2 ) associated with plant roots may interfere with heavy metal absorption (Liao et al., 2003) . AMF were reported to enhance nutrient supply and improve water use efficiency and photosynthesis in salt marsh plant species, but the rate of AMF colonization drastically decreased at moderate salinities (Caravaca et al., 2005) . In the halophytes Arthrocnemum macrostachyum and Sarcornia fruticosa growing in contaminated areas, reduced plant uptake of toxic metals, particularly Pb, is a beneficial impact of AMF on plant development (Carrasco et al., 2006) . A different result was obtained for Aster tripolium, where AMF clearly increased Cd and Cu accumulation in this species (Carvalho et al., 2006) .
In wetlands, anoxic conditions may favour a reduced form of heavy metals through the modification of redox potential. According to Weis and Weis (2004) , such forms decrease bioavailability of metals compared with terrestrial systems with oxidized soils. These reducing conditions also limit the depth to which plant roots can penetrate and therefore restrict the uptake of contaminants (Williams, 2002) . However, different forms of metals have different availability and different rate of uptake by plants. For instance, ferrous Fe is more available as it can be transported across the root plasma membrane through Fe(II) transporters in dictotyledons and non-graminaceous monocotyledons (Briat and Lobréaux, 1997) . Solubility of Mn becomes relevant in soil with low pH or waterlogged soils, through its reduction from Mn(III/IV) to Mn(II) (Hernandez-Soriano et al., 2012) . In wetland plant rhizosphere, oxidation of ferrous Fe to its ferric form leads to the precipitation of Fe oxyhydroxides and the formation of 'Fe plaque' on the roots, consisting mainly of Fe/Mn (hydr)oxides (Doyle and Otte, 1997; Cambrollé et al., 2008) . This Fe plaque has a large capacity to adsorb metals, allowing metal retention on the root surface. Species such as Spartina densiflora have a higher ability than others to retain metal around their roots through greater formation of plaques (Cambrollé et al., 2008) . Manganese plaque resulting from precipitation of Mn at the root surface has also been reported (Sundby et al., 1998) . However, whether the presence of the plaque reduces or increases the uptake of metal by plants still remains of debate. Different metals, environmental conditions or physiological properties may account for these different results (Weis and Weis, 2004) .
Heavy metal movement in the roots
According to Li et al. (2012) , Cd uptake by halophytic species such as Suaeda salsa is regulated by Ca transporters or channels in root cell plasma membranes. This has been shown through the use of verapamil, a voltage-dependent Ca channel blocker, and La 3þ , a voltage-independent Ca channel blocker, both of which inhibited Cd influx into roots. These findings support the hypothesis of similar metal uptake and transport characteristics between halophytes and glycophytes, but this needs to be tested by complementary approaches involving the precise identification and characterization of metal transporters in halophytes.
Likewise, in non-halophytic plants, localization of metal absorption occurred mainly in the root tip just behind the root apex (Li et al., 2012) . The rate of Cd 2þ fluxes reached a maximum value at 100-200 mm from root apex in Suaeda salsa (Li et al., 2012) . However, metal concentration along the roots is not constant. Caetano et al. (2008) identified different preferential layers of metal accumulation in Spartina maritima and Sarcocornia fruticosa that were not related to metal concentration in the surrounding environment.
Scanning electron microscopy (SEM) X-ray microanalysis of heavy metals in transverse sections of roots revealed gradients in root tissues specific to the heavy metal in question. In Avicennia marina, in response to Zn treatment, relative Zn concentration decreased from the epidermis through the parenchyma of the cortex, to reach a low relative concentration in the endodermal layer, while an increase was observed in xylem tissue. In response to Cu treatment, relative Cu concentration remained similar from the epidermis through parenchyma to the endodermal cell wall. Subsequent significant decreases were observed within endodermal layer and xylem, with very low concentrations in the phloem. In response to Pb, highest relative Pb concentration was located in the epidermis and a significant decrease was observed within the cortical parenchyma, with small amounts of Pb reaching the vascular tissue (MacFarlane and Burchett, 2000) .
After absorption, Cd is rapidly transported to vascular tissues by the symplastic pathway, where it may be translocated to more distal positions in root zones (Li et al., 2012) . The correlation between bypass flow, quantified by the fluorescent dye 8-hydroxy-1,3,6-pyrenetrisulfonic acid trisodium salt, and Cd accumulation in leaves of Zygophyllum fabago suggests that it contributes to Cd translocation through the transpiration stream (Lefèvre et al., 2009a) . However, heavy metal translocation from roots to shoots is restricted in most halophytes, as roots accumulate larger amount of metals than shoots (Caetano et al., 2008; Sousa et al., 2008; Han et al., 2012a, b) . Limiting ion movement in root tissues may be performed through different mechanisms. Accumulation in cell walls is one important means of metal immobilization. For instance, in Halimione portulacoides, on average 65 % for various studied heavy metals was stored in the root cell wall (Sousa et al., 2008) . Castro et al. (2009) observed a high proportion of insoluble Hg, varying from 72Á7 to 99 %, in roots of different salt marsh species. These authors reported a higher ability of monocotyledonous species to retain Hg in root than dicotyledonous species. In Avicenia marina, the root epidermis provided a major barrier to the transport of Pb only, while the endoderm provided a barrier to the movement of numerous heavy metals such as Zn and Cu into the stele (MacFarlane and Burchett, 2000) . Studies have also shown that some heavy metals may be transported from roots to stems and leaves bound to organic acid. In Salsola kali, X-ray absorption spectroscopy showed that in roots, Cd was preferentially bound to O ligands, while in stems and leaves Cd was most likely to be bound to O and S groups (de la Rosa et al., 2004) . The authors suggested that in roots Cd may be bound to O groups from small organic acids involved in the transport of metals. It may also be bound to carboxyl and hydroxyl groups of cell wall.
Some proteins of the P 1B -ATPase family (heavy metal ATPases; HMAs) play a key role in root to shoot translocation of trace elements, especially Cd. AtHMA4 is expressed at the plasma membrane of specific root cells and is directly involved in Zn and Cd xylem loading while AtHMA2 is involved in Zn transport (Migeon et al., 2010) . Xu et al. (2010) demonstrated that low salt supply increased Cd accumulation in leaves of Arabidopsis thaliana and Solanum nigrum and that NaCl elevates the expression of HMA4. Future studies focusing on HMA regulation in halophytes should provide valuable information.
HEAVY METAL TRANSPORT AND ACCUMULATION IN HALOPHYTES
Heavy metal accumulation is the ultimate consequence of heavy metal absorption and translocation from root to shoot. It is therefore directly influenced by the transpiration rate and shoot relative growth rate. In halophytes, moderate NaCl doses stimulate plant growth and it could thus be hypothesized that growth stimulation will contribute to dilute heavy metal content, leading to a lower concentration in NaCl-treated halophytes, especially if salinity itself reduces heavy metal absorption. However, quantitative analysis does not support this hypothesis and in several cases salinity not only reduces heavy metal absorption and increases plant growth, but also improves physiological tolerance to accumulated heavy metals. Han et al. (2013a) demonstrated that NaCl may reduce the concentration of aminocyclopropane carboxylic acid, the immediate precursor of ethylene, and thus delay senescence in Cd-treated plants of Kosteletzkya virginica, while conversely it increased the concentration of cytokinins (zeatin and zeatin riboside), which may act as anti-senescing phytohormones, and contributed to the maintenance of photosynthesis, even in Cd-accumulating leaves.
Salt influence on transfer coefficients
The bioaccumulation factor (BF) is defined as the ratio of the metal concentration in plant tissues to that in the soil. This parameter may thus be used to assess the efficiency of metal accumulation in plants. It differs widely according to the heavy metal in question and commonly decreases with increasing external concentration of pollutant. The transfer factor (TF) is defined as the ratio of metal concentration in shoot to that in roots (Sousa et al., 2008) . Most plant species, with the noticeable exception of hyperaccumulators, exhibit a TF factor lower than 1Á0. Some halophytes, such as Arthrocnemum macrostachyum, accumulate Cd at high concentration with a BF far exceeding the critical value of 1 but always exhibit a TF value lower than 1. As previously noticed for BF, TF values also decrease with high external concentration of pollutant (Redondo-Gómez et al., 2010) .
The major chemical form of heavy metal translocation in halophytes remains unknown. In tumbleweed (Salsola kali), X-ray absorption spectroscopy studies have demonstrated that Cd is mainly bound to oxygen in the roots, and to oxygen and sulfur groups in the shoots, suggesting that small organic acids may be partly involved in Cd transport (de la Rosa et al., 2004) . The involvement of organic acids in heavy metal translocation may, however, differ strongly depending on the element considered: Duarte et al. (2007) demonstrated that citric acid improves Cd translocation but drastically decreases Ni translocation in the halophyte Halimonie vulgaris. Ghnaya et al. (2013) demonstrated that the halophyte Sesuvium portulacastrum translocated higher amounts of lead from the root to the shoot compared with the glycophyte Brassica juncea in relation to a higher accumulation of citric acid in the xylem sap. In contrast, a minor relationship was observed between Pb concentration and fumaric, malic or a-cetoglutaric acid in the xylem. In Atriplex halimus, stem oxalate concentration clearly increased in response to Cd exposure, but such an increase mainly concerns the insoluble form (Lutts et al., 2004) . In some halophytes Cd precipitation may occur in the form of oxalate to prevent Cd from reaching photosynthetically active leaves (Lefèvre, 2007) .
The presence of chloride not only influences heavy metal mobility in the soil but also within the plant. Wali et al. (2014) observed that the presence of salt facilitated the translocation of Cd to the shoot through enhancement of Cd flow in the xylem. According to Gutknecht (1981) , transport of Hg 2þ through lipid bilayers is markedly enhanced by chlorocomplexation: at pH 7Á0 and Cl À concentration ranging from 10 to 100 mM, only the dichloride complex of mercury (HgCl 2 ) crosses the membrane at a significant range. Girault et al. (1998) demonstrated that the addition of NaCl into medium containing Cd-lipid complexes promotes the release of bound Cd from lipids and results in formation of soluble Cd-Cl complexes. Ozkutlu et al. (2007) indicated that Cd is easily re-translocated from the source into the sink organs, most probably via phloem loading. These authors observed that NaCl sprayed on flag leaves previously immersed in Cd-containing solution clearly increased Cd transport and accumulation to the grain and concluded that remobilization of Cd is promoted in the presence of Cl through the formation of mobile CdCl n 2Àn complexes. In contrast, no effect of NaCl on Zn mobilization was recorded, which may be due to the fact that Zn is not complexed to the same extent by Cl.
Mucilage
Mucilage consists of a mixture of polysaccharides found in various organs (e.g. roots, rhizomes, seed endosperm) of several plant species. It assumes numerous functions in plants, including a contribution to long-distance water transport in mangroves and buffering leaf water status against environmental fluctuations, thus enabling leaves to maintain low water potential when water deficit develops (Zimmermann et al., 1994) . Negatively charged mucopolysaccharides are major constituents of mucilage. Ghanem et al. (2010) reported that a significant proportion of Na þ accumulated in halophytic species may bind to mucilage. It may been hypothesized that a similar retention also occurs for heavy metals accumulated in the form of divalent cations within shoots but also root tissues (Morel et al., 1986; Javed et al., 2013) . Pectic polysaccharide extracted from plants resistant to water stress may also accumulate high amounts of arsenic (Fox et al., 2012) , chromium (Lakshmanraj et al., 2009 ) and aluminium (Miyasaka and Hawes, 2001 ). Gorai et al. (2014) have demonstrated that mucilage hydration is increased as a result of preliminary osmotic stress in the desert shrub Henophyton deserti. While mucilage content may sometimes decrease in salt-treated glycophytes (Badi and Sorooskzadeh, 2011) , it increased in halophytes and a higher neutral monosaccharide composition may directly affect ion binding capacities (Ghanem et al., 2010) .
Trichome excretions
Cadmium excretion by trichomes has been reported, even in a glycophyte species such as tobacco, and NaCl treatment increased the size of the trichome cells (Choi et al., 2001 (Choi et al., , 2004 . Sarret et al. (2006) reported that Zn exposure increased trichome density in young leaves but not in mature leaves of tobacco. Similarly, Cu induced the expression of genes coding for sequestering metallothionein (MT) in Arabidopsis trichomes (Guo et al., 2003) . Glandular trichomes of the hyperaccumulating species A. halleri accumulate heavy metals but do not excrete them at the leaf surface.
Numerous halophytes possess leaf trichomes and salt glands that are able to remove large amounts of salt from the photosynthetically active tissues. In several cases, ion excretion is not specific for Na þ or Cl À ions and high amounts of divalent cations, especially Ca 2þ , were also found in those structures (Storey and Thomson, 1994) . Heavy metal excretion through salt glands was frequently considered as a possible detoxification mechanism. MacFarlane and Burchett (1999) In the xerohalophyte Atriplex halimus, trichomes contain a stalk cell, embedded in epidermal cells, and a bladder cell exhibiting a huge vacuole and a reduced cytoplasm with a few organelles (Smaoui et al., 2011) . Heavy metals can be transported via endocytosis vesicles and by Golgi and endoplasmic reticulum. According to Lefèvre et al. (2009b) , more than 30 % of the accumulated Cd was found within the trichomes at the leaf surface, but external salinity reduces the proportion of excreted Cd.
The real contribution of trichome excretion to heavy metal resistance, however, remains uncertain and it elucidation requires a comprehensive approach. Moreover, pollutant accumulation on the leaf surface constitutes a major drawback for phytomanagement as it implies a risk of metal recycling to the soil surface through rain leaching.
Leaf succulence
A significant proportion of halophytes do not possess salt glands or trichomes. In those species, leaf succulence may help to dilute the content of accumulated toxic ions in photosynthetic leaves and maintain plant water content through avoidance of low leaf water potential related to the accumulation of compatible solutes and ions. Leaf succulence is related to specific anatomical and physiological properties leading to a low specific leaf area. Salt-induced increases in leaf succulence have been reported in numerous halophytes (Munns and Tester, 2008; de Vos et al., 2013; Katschnig et al., 2013) . Succulent shoots containing expanded cells may provide enough space to accumulate toxic ions. The common ice plant (Mesembryanthemum crystallinum) increased stem succulence, providing a long-term reservoir of water storage under high salinity (Thomas and Bohnert, 1993; Agarie et al., 2007) . Sesuvium portulacastrum, another heavy-metal-resistant halophyte, is able to increase leaf succulence when exposed to ion toxicities (Wang et al., 2012) . Although modification of leaf traits is mainly induced by the osmotic component of salt stress (Munns and Tester, 2008) , Wang et al. (2012) demonstrated that Na þ is more effective than K þ in increasing leaf succulence and that NaCl toxicity is attributable largely to the effect of Cl À . Heavy metals in free or chelated forms may accumulate in vacuoles, and leaf succulence increases vacuole storage capacity. Hence, with expansion of the vacuolar volume, salinity may improve the efficiency of sequestration strategies in succulent halophytes.
Histological distribution
Heavy metal accumulation in compartments exhibiting only a low metabolic activity, such as cell walls or vacuoles, may be regarded as an efficient tolerance mechanism diminishing metal concentration in the cytoplasm (Carrier et al., 2003) . The proportion of metals retained in the cell walls varies depending on the metal in question but also according to cell-wall composition and properties.
In the halophyte Halimione portulacoides, more than 65 % of the absorbed heavy metals accumulated in the root cell wall and almost 50 % of those accumulated in the leaves are also retained by cell-wall polymers (Sousa et al., 2008) . According to these authors, the lowest Cu and Zn content was measured in the cellulosic fraction while a significant proportion may be linked to the proteic fraction. Using sequential extraction procedures, Reboredo (2012) supported these assumptions with the observation that in response to Zn treatment, carbohydrates of the cell walls (cellulose, hemicellulose and pectins) in stems and leaves of H. portulacoides were the preferential Zn binding sites with approx. 40 % of the total Zn concentration, while this fraction corresponded to 30 % of the total Zn concentration in roots. Between one-third and one-quarter of the total Zn concentration in all organs was associated with the proteic fraction. Moreover, Reboredo (2012) highlighted a direct relationship between Zn increase in roots and an increase of the proteic fraction involved in Zn binding. A similar relationship was observed for carbohydrates in the leaves. In Avicennia marina, a higher concentration of heavy metal was also observed in cellwall matrices than in the cytoplasmic fraction (MacFarlane and Burchett, 1999, 2000) . In Sesuvium portulacastrum, Walli et al. (2014) reported that an increasing proportion of accumulated Cd in NaCl-treated plants was bound to chloride, pectates and proteins. These authors suggested that compartmentalization and chelation processes are involved in the positive impact of salt on the Cd tolerance of this species.
It is a well established that the distribution of elements in plant tissue is highly inhomogeneous. The use of sequential extraction methods gives an indication of this distribution but does not appear to be sufficient as the redistribution of elements during the process cannot be excluded. Hence, this type of approach needs to be validated based on more reliable methodologies.
Application of X-ray fluorescence analytical techniques to analyse multi-elemental distribution in plant tissues down to the cell level has demonstrated its accuracy in determining ion composition at the micrometre scale (Nečemer et al., 2008) (Fig. 3) . These techniques have been used to study the spatial distribution of heavy metals mainly in hyperaccumulating species. They have revealed strategies of metal detoxification and highlighted the effect of heavy metals on the distribution of essential elements in tissues. The hyperaccumulating species Noccaea (Thlaspi) praecox preferentially accumulated heavy metals in the epidermis and in vascular bundle collenchyma (Vogel-Mikuš et al., 2008) . The chemical form of heavy metal in the environment also influences its distribution in tissues, as demonstrated with CdCl 2 and CdSO 4 supplementation on Cd distribution in N. praecox (Koren et al., 2013) . In this species, a reallocation of essential mesophyll cations (Fe, Mn and Zn) was observed with increasing Cd concentrations in the environment (Pongrac et al., 2010) . These changes in elemental distribution may be a consequence of interference by heavy metals with the homeostasis of essential ions, but may also imply dynamic reallocation between tissues and sub-cellular compartments. To the best of our knowledge, only one study has been performed on the precise localization of metal ions in tissues of halophytic species. The succulent perennial facultative halophyte Zygophyllum fabago was able to induce protection of the photosynthetically active tissues and maintenance of cell turgor in leaves in response to Cd or Zn treatments through the accumulation of Cd or Zn ions in less metabolically active tissues and through the reallocation of some essential elements such as K (Lefèvre et al., 2014) . X-ray microanalysis of elements in halophytes grown in saline environments indicated different strategies of Na exclusion from photosynthetically active chlorophyll tissues in Bassia indica, Atriplex prostrata, Spartina maritima, Limonium angustifolium and Atriplex spongiosa (Storey et al., 1983; Pongrac et al., 2013) . It may be hypothesized that some mechanism involved in salt ion compartmentation in tissues and cells should also be partly involved in metal ion distribution. Investigation of the tissue and cellular distribution pattern of heavy metals in leaves would contribute significantly to our understanding of plant tolerance mechanisms. Despite their low limit of detection, other techniques such as SEM X-ray microanalysis allow line scans of some ion profiles on transverse sections of plant tissue. In leaves from Avicennia marina seedlings treated with Zn, SEM X-ray microanalysis revealed a decreasing Zn gradient from xylem tissue through photosynthetic mesophyll to hypodermal (water) tissue, with a subsequent increase in concentration in the glandular tissue on the adaxial surface (MacFarlane and Burchett, 1999, 2000) . A similar gradient was observed across leaf tissue in response to Cu treatment, but there was no increase in Cu concentration in glandular tissue (MacFarlane and Burchett, 2000) .The authors observed that the Zn gradient was similar to that observed for Na and K in A. marina leaf tissue, reinforcing the hypothesis that the various adaptations halophytes have developed to cope with hypersaline environments may, at least partly, be transposed to heavy metals.
At the cellular level, metal transporters are important for metal storage or sequestration into vacuoles as well as distribution to organelles. Some heavy metals may enter plant cells through ZIP transporters and NSCC. Vacuoles are primary storage sites for toxic Cd, which is sequestered as Cd-phytochelatin (PC) complexes transported by ABC transporters. The protein systems excluding heavy metals from the cell cytosol localize also to the plasma membrane and tonoplast and are energized by ATP or by electrochemical gradients generated by H þ -ATPase or by V-ATPase and pyrophosphatase (PPase). Cadmium is excluded from the cytosol through an energy-dependent system as a free ion as well as complexed forms (Migocka et al., 2011) . Numerous data are available for CDF, zinc-iron ZIP, NRAMP and HMA transporters in terms of both cellular location and heavy metal selectivity (Migeon et al., 2010) . Several of these transporters have been studied using transgenic plants or a yeast heterologous system (Nagata et al., 2010; Kiyomo et al., 2012) . Nevertheless, information of salt effects on these transporters and on the specificities of their regulation in halophytic plant species are lacking and are urgently needed.
Plants employ efficient strategies to limit the translocation of non-essential heavy metals such as Cd or Pb to developing embryos in maturing seeds (Ernst and Nelissen, 2000) . In maturing seeds of angiosperms, assimilates are unloaded from the phloem symplastically through the chalaza and then into the apoplast via transfer cells. While non-essential elements are excluded, elements such as Zn or Cu may penetrate reproductive structures. Tauris et al. (2009) showed that genes coding for Zn transporters are expressed in the transfer cells and that Zn may accumulate in their vacuole for temporary storage. Han et al. (2013b) demonstrated that in some halophytes, NaCl not only reduces Zn accumulation to the seeds in Zn-contaminated substrate but also modifies Zn distribution through an improvement in the efficiency of chalazal retention.
BIOCHEMICAL BASIS OF HEAVY METAL TOLERANCE IN HALOPHYTES
Oxidative stress
The production of ROS is an unavoidable consequence of aerobic metabolism and is strongly increased in response to mineral toxicities. ROS can be extremely reactive and oxidize biological molecules such as DNA, carbohydrates, proteins and lipids. The first step in O 2 reduction produces the relatively short-lived and not readily diffusible hydroperoxyl (HO À 2 ) and superoxyde (O À 2 ) radicals. These oxygen radicals are highly reactive, and can oxidize specific amino acids such as histidine, methionine and tryptophan. They can cause lipid peroxidation in a cellular environment, thereby weakening cell membranes. Further reduction of O 2 generates hydrogen peroxide (H 2 O 2 ), a relatively long-lived molecule that can diffuse some distance from its site of production. The biological toxicity of H 2 O 2 through oxidation of SH-groups has long been known and is The associated quantitative elemental maps are generated using the GEOPIXE II software package after micro-PIXE analysis. Units for Ca and Cl are percentage by weight. Units for Mg, P, Fe, Mn and Zn are square-root percentage by weight. The scan size for all images is 1000 Â 1000 mm. Details regarding growth conditions, sampling and methods preparation are presented in Lefèvre et al. (2014) .
enhanced by the presence of metal catalysis through the Haber-Weiss or Fenton reaction. One of the most toxic ROS is the hydroxyl radical (OH ), which has a high affinity for most biological molecules near its site of production. It is the prime cause of oxidative damage to proteins and nucleic acids and in lipid peroxidation (Demidchik, 2014) . It is also involved in oxidative stress signalling and programmed cell death (PCD) (Demidchik et al., 2010; Demidchick, 2014) . Involvement of this hydroxyl radical in the activation of the Ca 2þ and K þ plasma membrane channel has recently been evidenced, leading to Ca 2þ influx and K þ efflux as an early response to oxidative stress resulting notably from transition metals (Zepeda-Jazo et al., 2011; Rodrigo-Moreno et al., 2013a; Demidchick, 2014) . As halophytes display a strong need to regulate Na and K concentration inside their cells (Flowers et al., 2010) , regulation of their channels in response to the hydroxyl radical should be considered. Recent studies have shown the importance of K reallocation in cells of photosynthetically active tissues in Zygophyllum fabago in response to heavy metal toxicities (Lefèvre et al., 2014) .
As previously reported in this review, anoxic conditions may in some cases favour the accumulation of reduced forms of transition metals such as Cu, Mn and Fe. In the presence of H 2 O 2 , these metals may catalyse the production of hydroxyl radicals through the Fenton reaction both in the apoplast and in the cytosol (Rodrigo- Moreno et al., 2013b) . While Cu and Fe are essential components of the plant antioxidant defence system as part of superoxide dismutase (SOD) (see below), when they are absorbed in excess they may lead to metabolic disturbances such as loss of chloroplast integrity, alteration of plastid membrane composition and inhibition of photosynthetic electron transport. The disruption of electron transport itself may hasten further ROS overproduction. Mn is not a highly reactive Fenton metal ion, and it becomes oxidized only when bound to specific ligands, such as phenolic compounds . Cadmium and zinc are not involved in the Haber-Weiss reaction and do not directly generate synthesis of ROS. However, secondary oxidative stress is an important component of Cd and Zn toxicities. Plants contain antioxidants such as glutathione (GSH), ascorbate and a-tocopherol, in addition to a wide range of other less predominant compounds with antioxidant activities. Enzymatic defences include catalase and peroxidase enzymes that remove H 2 O 2 and SODs that catalyse the disproportionation of superoxide radicals to H 2 O 2 and O 2 .
Halophytes are constitutively well equipped to cope with oxidative stress as ROS are also overproduced when plants are exposed to high NaCl doses, as reviewed by Ozgur et al. (2013) and Bose et al. (2014) . As reported by these authors, several studies showed that halophytes have higher constitutive antioxidant defence activity compared with glycophytes, which may be useful in the context of heavy metal toxicities given that some adaptations to these stresses overlap with those related to salinity. Wang et al. (2014) reported that Salicornia brachiata can up-regulate catalase and SOD activities in response to heavy metals such as Cd and Ni, and in response to metalloids such as As. Lefèvre et al. (2010b) compared the response with Cd in a PEG-resistant and a PEG-sensitive cell line of Atriplex halimus: the greater ability of the PEG-resistant cell line to cope with 100 mM CdCl 2 is mainly due to an increase in endogenous antioxidants (GSH and ascorbic acid), a high constitutive SOD (EC 1.15.1.1) activity and an efficient Cdinduced stimulation of glutathione reductase (EC 1.6.4.1). A low GSSG/GSH ratio is necessary to achieve optimal metabolism. Pilon-Smits et al. (2000) reported that chloroplastic glutathione reductase assumes crucial functions in heavy metal tolerance. Cadmium was found to up-regulate the expression of GSH reductase (GR) coding genes and both transcriptional and post-translational impacts should be considered (Rodríguez-Serrano et al., 2006) . Although salinity induces oxidative stress in glycophytic species, it has been reported to reduce Cd-induced oxidative damages in some wetland halophytes: an obvious increase in a-tocopherol and in ascorbic acid in response to NaCl was reported to reduce oxidative damage resulting from Cd stress (Han et al., 2013a) . Salinity also increased GSH synthesis, which is of primary importance for subsequent response to heavy metals as GSH is the precursor of PCs (see below) involved in vacuolar sequestration of toxic heavy metals. Heavy metal-induced oversynthesis of PCs may thus compromise resistance to oxidative stress as a consequence of a depletion of the GSH pool in glycophytes, while halophytes may be able to increase GSH concentration in a more efficient way. In Sesuvium portulacastrum, in vivo tissue fluorescence imaging confirmed that NaCl drastically reduced the concentration of H 2 O 2 in both leaves and stems of Cd-treated plants (Wali et al., 2014) .
Cadmium increased the expression of CAT1, GST and Prx Q genes coding for enzymes involved in antioxidant activities (Cong et al., 2013) . Wu et al. (2013) observed that only CAT gene expression levels significantly increased in response to Zn, Pb or the combination of both metals in shoots of Suaeda salsa, while activities of the antioxidant enzymes SOD, glutathione peroxidase (GPx) and catalase (CAT) increased in response to Zn and Zn þ Pb. It appears that SOD activity is highly efficient in protecting halophytes from extreme environmental changes and that CAT expression/activity is higher in halophytes than in glycophytes (Jithesh et al., 2006a, b; Bose et al., 2014) .
PCs and MTs
PC are LMW polypeptides with the general structure (cGlu-Cys) n Gly, where n varies from 2 to 11. These compounds are enzymatically synthesized from glutathion by phytochelatin synthase (PCS) and contribute to metal detoxification by transporting the metal to the vacuoles. The precise role of PCs in heavy metal resistance remains of debate. Although metallophytes rarely use this expensive strategy to cope with high doses of heavy metals, it has been demonstrated that the ability to synthesize PCs and the presence of constitutive and functional PCS are ancestral characters (Petraglia et al., 2014) that may help the plant to minimize damage under conditions of excess metal supply in non-metallophytes (Tennstedt et al., 2009) . In black mangrove Avicennia germinans, which exhibit a high level of tolerance in polluted environments, evidence was provided that high concentrations of Cu 2þ and Cd 2þ induce overexpression of AvPCS coding gene within a few hours (Gonzalez-Mendoza et al., 2007) . Although the overexpression remains transient, it appears sufficient to trigger an efficient protecting mechanism during longer-term exposure.
MTs are cystein-rich metal binding proteins that occur in almost all organisms, including plants, animals and microorganisms. Plant MTs are divided into four types according to the location and distribution of cystein residues (Cobbett and Goldsbrough, 2002) . As plant MTs efficiently bind metals, they are thought to be involved in metal homeostasis or tolerance mechanisms. In Bruguiera gymnorhiza, a gene coding for type 2 MT (MT2) was clearly up-regulated by Zn, Cu and Pb (Huang and Wang, 2009) . Similar findings were reported in Avicennia marina, and transgenic Escherichia oli LB21 overexpressing a gene coding for the fusion protein GST-AmMT2 showed increased tolerance to Zn, Cu, Pb and Cd exposure (Huang and Wang, 2010) . MT2 tends to be present mainly in leaves while MT1 is observed mainly in roots. Hence, it may be hypothesized that overexpression of the MT2 encoding gene in halophytes may assume positive functions in these plant species. In halophytes, however, different elements have different impact on expression of genes coding for MT2. In Prosopis juliflora, PjMT-2 was significantly up-regulated by zinc while its expression was unchanged under Cu and Cd stress treatments (Usha et al., 2009 ). Likewise, SbMT-2 expression from Salicornia brachiata was up-regulated by Zn and Cu but remained unaffected in the presence of Cd (Chaturvedi et al., 2012) . In this species, sequestration of Zn is four-fold higher compared with Cu, suggesting that the impact of a given heavy metal on gene expression is not directly related to sequestering ability of the protein. Chaturvedi et al. (2012) also reported that SbMT-2 may be induced in response to salinity, heat and drought but is down-regulated in response to cold stress.
Osmoprotectants
When exposed to high NaCl concentrations in the soil solution, halophytes encounter osmotic stress. To maintain water uptake, numerous organic compounds accumulate to reduce internal osmotic potential and thus maintain favourable water gradients . In addition to their impact on plant water status, these compounds also display protecting functions for cellular structures and enzymes. It is thus not surprising that heavy metals induce their synthesis, even in the absence of NaCl. Conversely, the ability of halophytes to quickly synthesize these protecting compounds in response to ion toxicity may, at least partly, explain their ability to cope with toxic heavy metals.
Proline is frequently reported to accumulate in cytosol, concomitantly with vacuolar Na þ sequestration. Besides its osmotic function, it also protects quaternary structures of proteins and stabilizes the cell membrane through a direct interaction with phospholipids. Rastgoo and Alemzadeh (2011) reported that numerous distinct heavy metals (Cd, Co, Pb and Ag) increased the concentration of proline in Aeluropus littoralis. Shevyakova et al. (2003) considered that proline acts as an efficient ROS scavenger in the facultative halophyte Mesembryanthemum crystallinum exposed to Cd toxicity. In the Syrian beancaper (Zygophyllum fabago), proline but also soluble sugars accumulated as osmoprotectants, and the most Cd-and Zn-resistant plants presented a higher concentration of soluble sugars than the sensitive plants (Lefèvre, 2007) . Saiyood et al. (2012) estimated that a high level of resistance to a complex mixture of inorganic pollutants in Suaeda maritima was directly related to a high capacity to accumulate protecting proline and soluble sugars in the roots, stems and leaves. In Atriplex halimus, proline and soluble sugars also increased in leaves in response to Cd treatment (Lefèvre et al., 2009b) . Other amino acids such as histidine, glutamine, alanine or asparagine appeared to be directly involved in metal tolerance through the formation of complexes (Sharma and Dietz, 2006) . Cysteine is required for methionine and GSH/PC synthesis, and therefore is a central metabolite in antioxidant defence and metal sequestration. Liu et al. (2011) observed an increase in the branched-chain amino acids leucine, isoleucine and valine, and in glutamate, glutamine, tyrosine, arginine, phenylalanine and tryptophan in Suaeda salsa in response to Cd. However, it remained unclear whether this accumulation belonged to a strategy of metal stress tolerance or resulted from protein degradation. In the same species, Zn treatment induced an increase in numerous amino acids such as valine, isoleucine, leucine, threonine, asparagine and phenylalanine .
Heavy metals and NaCl may trigger synthesis of quaternary ammonium compounds such as glycinebetaine in different halophytic plant species. Accumulation of glycinebetaine maintains membrane integrity and protection of other cellular structures. It stabilizes macromolecule structure, and protects chloroplasts and photosystem II. It has long been known that halophytes have a superior ability to accumulate large amounts of these compounds (Ozgur et al., 2013; Bose et al., 2014) . Lefèvre et al. (2009b) observed that Cd triggers glycinebetaine oversynthesis in leaves of Atriplex halimus. In Kosteletzkya virginica, NaCl and Cu have additional effects on synthesis of quaternary ammonium compounds (Han et al., 2012b) . In this species, NaCl also delays Cd-induced senescence, as revealed by the maintenance of maximum quantum yield efficiency, effective quantum yield of photosystem II and electron transport rates, which appear as a direct consequence of glycinebetaine accumulation (Han et al., 2013a) . The metallotolerant halophyte Sesuvium portulacastrum also accumulates trans-4-hydroxyprolinebetaine and 3,5,4-trihydroxy-6,7 dimethoxyflavoine 3-glucoside (Adrian-Romero et al., 1998) . However, in Suaeda salsa, the concentration of glycinebetaine decreased in response to Cd treatment while an increase in choline was recorded (Liu et al., 2011) . As betaine is synthesized from choline, the authors suggested that the elevated choline should be related to the depleted glycinebetaine.
Polyamines (PAs), small aliphatic amines assuming a myriad of biological functions during plant growth and development, are reported to be involved in plant response to most ion toxicities. They may act as protective molecules to repair or prevent stress-induced injuries through direct interaction with numerous cell structures and biochemical pathways, as recently reviewed by Lutts et al. (2013) . In glycophytes, in response to ionic stresses, results have indicated that they can stabilize membranes or nucleic acids, act as free radical scavengers and/or as activators of antioxidant enzymes, can play a role in signalling through induction of nitric oxide (NO) and Ca 2þ influx across the plasma membrane, and can regulate a variety of cation and K þ channels in the context of ion homeostasis (Lutts et al., 2013; ).
However, their beneficial role remains controversial as the catabolism of PAs generates H 2 O 2 and other ROS in the apoplasm (Mohaptra et al., 2009) . PA signalling appears to be an essential component in salinity tolerance in halophytes . However, studies looking at the response of PAs to heavy metals in halophytes are rare in the literature. In Atriplex halimus, the PAs putrescine, spermidine and spermine increased in response to Cd (Lefèvre et al., 2009b ) and a similar increase was noted in Atriplex atacamensis exposed to high doses of arsenate (Vromman et al., 2011) .
In response to Cd, myo-inositol-1-phosphate synthase (MIPS) transcripts are clearly up-regulated in leaves of Suaeda salsa. Given that MIPS is a pivotal enzyme that catalyses myo-inositol synthesis, metabolic products of which (such as myo-inositol hexakisphosphate) impact uptake and translocation of heavy metals, the metabolic pathway of myo-inositol and the detoxification function of its downstream products may be modified in response to Cd (Cong et al., 2013) . In Mesembryanthemum crystallinum exposed to Cu, heat shock protein 60 (HSP 60), which may participate in protein folding following exposure to denaturing conditions caused by stress, was recorded to increase ten-fold compared with controls (Thomas et al., 1998) .
THE USE OF HALOPHYTES IN PHYTOREMEDIATION
Heavy metal-contaminated soils are difficult to remediate with conventional strategies. Soil washing, vapour extraction and flushing cannot be applied on large surfaces for economic reasons. Similarly, the use of electrokinetics or thermal desorption is not justified on former mining areas and large industrial sites. Remediation techniques using different plant species have emerged over the last two decades. These phytotechnologies, collectively known as phytoremediation, are less invasive, less expensive, aesthetically pleasant and may contribute to restore soil structure and function. Phytoremediation is considered to cost 10-1000 times less than conventional civil engineering technologies (Barceló and Poschenrieder, 2003) . It incorporates a range of phytotechnologies which differ according to the process by which plants remove, immobilize or degrade contaminants. Phytoextraction involves the use of pollutantaccumulating plants to remove metals from soil by concentrating them in the harvestable parts. Contaminated crop disposal options include pyrolysis, composting and compaction to reduce the volume of plant biomass, and incineration, ashing and liquid extraction as final disposal (Sas-Nowosiemska et al., 2004) . Phytodegradation mainly concerns organic pollutants and implies the use of plants and associated micro-organisms to degrade organic pollutants. Rhizofiltration is the use of plant roots to absorb and adsorb pollutants from water and contaminated waste streams. Removal of gaseous pollutants through the atmosphere is called phytovolatilization (Moreno et al., 2005) . Phytostabilization is a management strategy for stabilizing toxic contaminants: its purpose is to establish a vegetation cover that will reduce soil erosion, wind-blow of contaminated particles and water pollution by interception of incident precipitation. Vegetative stabilization improves the chemical and biological properties of the site through an increase in organic matter content, cation exchange capacity and biological activity. As far as heavy metals are concerned, the original concept of phytoremediation preferentially focused on phytoextraction while phytostabilization received much less attention (Fig. 4) . Successful phytoextraction requires soil cleaning to a level that complies with environmental regulations. Although numerous studies have investigated hyperaccumulating plant behaviour in laboratory conditions, field trials or commercial operations that demonstrate successful phytoextraction remain scarce (Conesa et al., 2012) . The most important parameter for efficient phytoextraction is the amount of pollutant removed by the plant per unit area. This parameter is maximized as a result of a good compromise between metal concentration and biomass production. Phytoextraction is expected to be a long-term process and suitable plants therefore must be perennials. Finally, heavy metal pollution is rarely limited to the upper soil layer and pollutants may also be present in deeper horizons of the profile: plants exhibiting a deep root system may thus be required for efficient phytoextraction. Moreover, the plants must be able to cope with polymetallic pollution, as this frequently occurs in polluted areas.
Selecting the plants suitable for restoration is one of the key factors in phytoremediation of heavy metal-contaminated sites. Biomass production is an important property for both phytoextraction and phytostabilization. Some perennial halophytes are able to produce up to 30 t d. wt ha À1 year À1 (Lutts et al., 2004; Manousaki et al., 2008) . In salt-affected areas, halophytes may provide the only possibility for revegetation purposes. In a whole plant of Tamaryx smyrnensis, total Cd removal from soil increased from 9Á4 mg in the absence of salt to 19Á7 mg at 0Á5 % NaCl (Manousaki et al., 2008) . Milić et al. (2012) showed that Salicornia europaea, Suaeda maritima, Salsola soda and Halimonie portulacoides accumulated high concentrations of several heavy metals in the above-ground organs and also that populations differ widely in bioaccumulation capacity. Hence, these authors assumed that selection can improve halophyte capacity for heavy metal removal through phytoextraction. In contrast, shoot accumulation of heavy metals is not suitable for phytostabilization because it constitutes a risk of pollutant accumulation at the surface through litter decomposition if plants are not harvested. Agoramoorthy et al. (2008) demonstrated that five halophytic species were efficient accumulators contributing to reduce soil and water contamination by heavy metals in mangrove ecosystems. Mazharia and Homaeeb (2012) reported that even an annual halophyte such as Chenopodium botrys may be included as a cleaning culture in agricultural schemes to remove heavy metals, and especially Cd, from area with low-level contamination: this plant may remove up to 180 g Cd ha
À1
, which is six times more than Cd removal by the hyperaccumulator Noccaea caerulescens. A high level of Zn accumulation (335 mg Zn kg À1 shoot d. wt) was reported in Leptochloa, and Eisa and Eid (2011) showed that this species may efficiently contribute to reduce Zn concentration in moderately-contaminated soils. Positive results were also obtained for Ni with Sporobolus virginicus (34 mg Ni kg À1 shoot d. wt) and this species is also commonly considered as one of the only species able to accumulate Cu in aerial parts (Eid, 2011) .
Halophytes may be of particular interest for stabilization of some mine tailings, which can be extremely saline with an EC up to 22 dS m À1 (Mendez and Maier, 2008) . In arid environments, Atriplex lentiformis (Torr.) S. Wats may cope with Pb/ Zn mine tailings (Mendez et al., 2007) while Atriplex canescens is well adapted for phytoremediation of alkaline copper mine tailings (Sabey et al., 1990) . Regarding phytostabilization of salt marsh environments, the use of species that are able to retain high amounts of metals in roots efficiently contributed to reduce their availability (Weis and Weis, 2004) . In this way, monocotyledonous species such as Triglochin maritima and Juncus maritimus provide higher Hg stabilization than the dicotyledonous species Sarcocornia perennis and Halimione portulacoides (Castro et al., 2009) .
Besides the optimal choice of suitable plant species, amendments may also be used to modify heavy metal bioavailability in contaminated soil. The nature of the amendments selected is a direct function of the final aim of the phytoremediation strategy. In the case of phytoextraction, bioavailability is often a limiting factor, especially for some elements such as Pb. Synthetic chelators (EDTA: ethylenediamine tetra-acetic acid; DTPA: diethylenetrinitrilopentaacetic acid; NTA: nitriloacetic acid; PDA: pyridine-2,6-dicarboxylic acid; EDDS: ethylenediamine disuccinate) have been tested to enhance heavy metal solubility, pollutant absorption and translocation by the plants. Data concerning such 'assisted-phytoextraction' using halophytic species remain scarce. Ben Rejeb et al. (2013) recently demonstrated that the addition of EDTA (1 mmol kg À1 d. wt soil) to an artificially Cd-contaminated soil resulted in a two-fold increase in Cd concentration in shoots of Salsola kali as a consequence of improved Cd absorption and translocation to the shoots. According to these authors, salinity had no impact on the efficiency of the chelating agent to increase the rate of phytoextraction, suggesting that NaCl had no influence on the formation of EDTA-Cd complexes. Lead usually presents a low solubility in soil solution and is poorly available for plant uptake. Zaier et al. (2014) showed that EDTA significantly increased shoot Pb 2þ in the halophyte Sesuvium portulacastrum. Besides its impact on Pb bioavailability for root absorption, EDTA also promoted Pb translocation from roots to shoots and clearly increased TF values. Jordan et al. (2002) found that the halophyte Atriplex nummularia and the glycophyte Zea mays extracted similar amounts of heavy metal from a contaminated mine-tailing soil in the absence of EDTA; however, when EDTA was added to the contaminated substrate, the halophyte removed significantly more Cu and Pb than the glycophyte. The root metal concentration was nevertheless higher for the former than for the latter, suggesting that the chelator increased translocation of metal from root to shoot in the halophytic species.
Regarding phytostabilization, the final aim is to reduce metal mobility in the substrate. Amendments will then improve the nature of the rooting medium, facilitate plant establishment, supply plant nutrients in a slow-release form and reduce metal leaching. Numerous organic and inorganic materials have been used to reduce solubility and bioavailability of heavy metals, Halophytic plant species may be used for phytostabilization (left) or phytoextraction purposes (right) of heavy metals (HM). Phytostabilization contributes to reduce pollutant dispersion and may take advantage of exudates from arbuscular mycorrhizal fungi (AMF) reducing pollutant availability. Although heavy metal may be uptaken by the root system, translocation to the shoot part remains limited. By contrast, phytoextraction aims to extract pollutants from contaminated soil and to accumulate it in the aerial harvestable part of the plant. Root exudates increasing heavy metal bioavailability may thus help to accumulate pollutants within the plant tissues. In both cases, AMF may contribute to increase the process, but sequestration of pollutants in AMF is required to improve phytostabilization while the plant growth-promoting property of AMF is a major component of phytoextraction (Göhre and Paszkowski, 2006; Hildebrandt et al., 2007) .
including liming material, phosphate, zeolite, and aluminosilicates such as bentonite or fly ash (Kumpiene et al., 2008) . To the best of our knowledge, this aspect has not been specifically studied in halophytes and the impact of salt on their properties also remains poorly studied. Heavy metal-contaminated sites are also often concomitantly contaminated by organic pollutants. Some halophytes such as Spartina alterniflora were recently demonstrated to increase bioremediation of oil-contaminated salt marsh (Tate et al., 2012) . Nitrogen fertilizer application was demonstrated to enhance biodegradation of crude oil by some halophytes (Jackson and Pardue, 1999) and the ability to identify halophytic plant species exhibiting resistance to heavy metals and organic pollutants is of great interest for further phytomanagement of soil polluted by a complex mixture of compounds. Some authors also suggest that halophytes may be used for 'phytodesaliniszation', although this seems to be realistic only for soil of low salinity. Studies with Suaeda salsa indicated that a density of 15 plants m À2 could remove more than 3500 kg Na þ ha À1 if the whole shoot is harvested at the end of the growing season (Zhao, 1991) . Similar positive results were observed for Suaeda fruticosa (Chaudhri et al., 1964) . Field trials, however, are still required to determine clearly if sodium and heavy metals may be removed simultaneously from a saltand heavy metal-contaminated substrate. The use of a mix of several halophytes presenting complementary properties in terms of pollutant removal is another option that needs to be tested under field conditions.
CONCLUSIONS
Through their ability to survive under harsh conditions, halophytes have developed various mechanisms of adaptation to saline environments, but also to other constraints. Salinity often occurs concomitantly with other environmental factors, such as aridity, flooding and pollution. While some tolerance mechanisms are stress-specific, others may help the plant to cope with a wide range of abiotic constraints. Properties involved in saline or drought tolerance may thus indirectly contribute to heavy metal tolerance, as heavy metals induce ionic toxicity, secondary water stress and an oxidative burst. As shown in Fig. 5 , efficient regulation of stomatal conductance, osmotic adjustment and high water-use efficiency may help in the maintenance of plant water status. Stress-induced senescence is delayed in halophytes compared with glycophytes, and efficient management of oxidative stress helps to maintain integrity of the cellular structure. High trichome density and selective accumulation of toxic ions in older leaves may help halophytes to maintain cellular homeostasis and metabolic functions in photosynthetically active leaves. Not all these properties are necessarily present in FIG. 5 . Synoptic view of properties allowing halophytic plant species to cope with heavy metal toxicity (HM) (right) compared with glycophytes (left). Halophytes may accumulate toxic ions in older leaves, in trichomes and salt glands. They display efficient regulation of stomatal conductance and perform osmotic adjustment, helping to maintain the plant water status. Appropriate regulation of oxidative stress is performed through over-synthesis of endogenous antioxidants [ascorbate (Asc) and glutathione (GSH)] and activation of specific enzymes (SOD, ascorbate peroxidase, catalase, glutathione reductase and dehydroascorbate reductase).
Low levels of ethylene synthesis may help to delay stress-induced senescence.
a given plant material but their occurrence may help some halophytes to cope with salinity, heavy metals and their combination. Given the large amount of biomass produced by some halophytic plant species, their deep-rooting system and their tolerance to abiotic constraints, perennial halophytes may be useful candidates for phytoremediation of heavy metals in marginal lands. Depending on the properties of the particular species, some halophytes may be of special interest for phytextraction or phytostabilization purposes.
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Supplementary data are available online at www.aob.oxfordjournals.org and consist of Table S1 : list of halophyte species involved in heavy metal studies.
